Abstract Aims/hypothesis: The 825C>T polymorphism in the gene encoding the G protein β3 subunit (GNB3) causes enhanced G protein activation and increased in vitro cell proliferation. This polymorphism is also repeatedly associated with an increased risk of hypertension and has been studied in relation to obesity with divergent results. Only a few association studies have investigated whether this polymorphism is related to type 2 diabetes or the metabolic syndrome. We estimated the impact of the GNB3 825C>T polymorphism in relatively large-scale association studies of common phenotypes of the metabolic syndrome. Materials and methods: The GNB3 825C>T polymorphism was genotyped in 7,518 white Danish subjects using mass spectrometry analysis of PCR products. Case-control studies were undertaken for obesity, hypertension, type 2 diabetes and the metabolic syndrome, and a meta-analysis including data from the present study and previous studies of hypertension was performed. Quantitative trait studies of metabolic variables were carried out in 4,387 glucose-tolerant subjects. Results: We observed minor differences in 825C>T genotype distributions for type 2 diabetes (CC/CT/TT 49/41/10% (control) vs 46/46/9% (cases), respectively, p=0.007); however, after correction for multiple testing, these were not statistically significant. No association was found with hypertension, obesity or the metabolic syndrome. Curiously, the T allele was associated with nominally lower systolic and diastolic blood pressure levels-a finding in contrast with most previous studies-but not with other metabolic variables. Meta-analysis demonstrated a high degree of heterogeneity between study populations of different ethnic origin. Although there was a tendency towards an increased risk of hypertension among 825T allele carriers, this was not statistically significant. Conclusions/interpretation: The present study suggests no major involvement of the GNB3 825C>T polymorphism in components of the metabolic syndrome.
Introduction
G proteins are heterotrimers consisting of α, β, and γ subunits that relay information from cell surface receptors to effectors from several protein families, including enzymes and ion channels. Due to their pivotal function in many cell types, variation in the genes encoding the subunits of G proteins has the potential to play a role in numerous clinical conditions. Specifically, investigators have studied possible associations of the frequent substitution of a C with a T nucleotide at position 825 in exon 10 in the gene encoding the G protein β3 subunit (GNB3), resulting in the silent Ser275Ser polymorphism, with hypertension [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and related cardiovascular phenotypes [16] [17] [18] [19] [20] [21] [22] , and with obesity [22] [23] [24] [25] , psychological syndromes [26] [27] [28] , type 1 diabetes complications (nephropathy, retinopathy and neuropathy) [29, 30] , type 2 diabetes [13, 22, 31, 32] , cancer [33] and various immunological responses [34] . The 825C>T polymorphism is associated with the occurrence of a splice variant with an in-frame deletion of 41 amino acids (from exon 9) including the fourth of seven Trp-Asp repeats, each consisting of approximately 40 highly conserved amino acids, which normally form a β-propeller peptide structure [1] . This change gives rise to the functionally active Gβ3-s, and only one 825T allele is needed to generate Gβ3-s, the splice variant [1] . The 825T allele is associated with enhanced G protein activation and, thus, increased cell proliferation [35] , and it appears that the 825T allele exerts an additive effect on G protein signalling in vitro as a result of the increased production of Gβ3-s [36] .
Human GNB3 is located in a gene-rich cluster on chromosome 12p13 [37, 38] -a locus that has shown linkage with an autosomal-dominant form of hypertension [39] and with BMI [40] and fasting serum total cholesterol levels [41] . Initially, the 825T allele was found to be associated with an increased risk of hypertension in a sample of approximately 850 subjects [1] , and this observation was confirmed in independent studies of various sample sizes [5, 17] . Although a similar tendency of increased T allele frequency among hypertensive patients was observed in two further additional studies, there was no statistically significant association of this allele with hypertension [8, 9] . In addition, data from one study suggested the inverse association-increased C allele frequency among hypertensive patients-although this finding was not statistically significant [11] . Finally, some studies have shown that hypertensive and normotensive subjects have similar T allele and TT genotype frequencies [2] [3] [4] .
A strong association of this GNB3 variant with overweight and obesity was observed among German hypertensive patients, and it was suggested that the assumed relationship between hypertension and the variant was precipitated by the effect of obesity on the risk of increased blood pressure and cardiovascular events [25] . Indeed, data from other studies support this notion, even though there are some conflicting results [12, [22] [23] [24] [42] [43] [44] . Likewise, interindividual differences in BMI may also account for the observation that type 2 diabetic patients carrying the T allele had significantly improved insulin sensitivity compared with homozygous carriers of the C allele following an intervention-optimisation protocol [45] . However, this interpretation has been challenged by two studies of insulin sensitivity in which the T allele was associated with lower insulin sensitivity after adjustment for BMI [20, 21] . Finally, two moderately sized studies have suggested an association of the 825T allele with type 2 diabetes [13, 32] .
Possible explanations for the apparent discrepancies in published studies investigating the association of the GNB3 825C>T polymorphism with hypertension and obesity are the use of insufficient sample sizes in some of the studies, differences in ethnicity and phenotype assessment, and a lack of adjustment for confounding effects. Therefore, the aim of the present study was to investigate associations of the GNB3 825C>T polymorphism with common components of the metabolic syndrome in a relatively large-scale and homogenous sample comprising 7,518 Danes of European extraction. Case-control studies were performed for hypertension, obesity, type 2 diabetes and the metabolic syndrome as defined by the World Health Organization (WHO) in 1999 [46] .
Subjects and methods
Subjects The GNB3 825C>T polymorphism was genotyped in a total of 7,518 Danes of European extraction who were divided into three study groups: (1) a population-based sample (Inter99) of middle-aged white Danes who were living in the greater Copenhagen area and were sampled at the Research Centre for Prevention and Health [47] ; (2) a group of type 2 diabetic patients who were sampled through the outpatient clinic at the Steno Diabetes Center; and (3) a population-based group of middle-aged glucose-tolerant subjects who were recruited from the Research Centre for Prevention and Health [48] . . All subjects in study groups 1 and 3 underwent a standard 75-g OGTT. The glucose-tolerant subjects in study group 1 were also examined in a study of quantitative traits. All participants were white Danes by self-report and were recruited from the same area of Denmark. Informed written consent was obtained from all subjects prior to participation. The study was approved by the Ethics Committee of Copenhagen and was conducted in accordance with the principles of the Declaration of Helsinki.
Type 2 diabetes, hypertension, obesity and the metabolic syndrome were defined according to the criteria set out by the WHO in 1999 [47] . Hypertension was defined as mean systolic blood pressure ≥140 mm Hg and/or mean diastolic blood pressure ≥90 mm Hg and/or current or previous treatment with antihypertensive drugs; obesity was defined as BMI >30 kg/m 2 and/or WHR >0.9 (men) or >0.85 (women); and the metabolic syndrome was defined as type 2 diabetes or impaired glucose tolerance and/ or insulin resistance (by homeostasis model assessment of insulin resistance [HOMA-IR]) and any two of hypertension, dyslipidaemia, obesity or microalbuminuria.
Biochemical assays Blood samples were drawn after a 12-h overnight fast. Plasma glucose was analysed by a glucose oxidase method (Granutest; Merck, Darmstadt, Germany) and serum insulin (excluding des-31,32 and intact proinsulin) was measured using the AutoDELFIA insulin kit (Perkin-Elmer/Wallac, Turku, Finland). Serum C-peptide concentrations were measured by a time-resolved fluoroimmunoassay (AutoDELFIA C-peptide kit; Perkin-Elmer/ Wallac). Serum triglycerides and total, HDL and LDL serum cholesterol were analysed using enzymatic colorimetric methods (GPO-PAP and CHOD-PAP; Roche Molecular Biochemicals, Germany). HbA 1 c was measured by ion-exchange HPLC (normal reference range 4.1-6.4%).
Genotyping Genotyping of the GNB3 825C>T polymorphism (dbSNP rs5443) was performed by chip-based matrix-assisted laser desorption/ionisation time-of-flight (MALDI-TOF) mass spectrometry (DNA MassARRAY; Sequenom, San Diego, CA, USA) of PCR-generated primer extension products, as described previously [49] .
Statistical analysis Fisher's exact test, χ 2 methods and logistic regression were applied to examine differences in allele and genotype frequencies between affected and unaffected subjects (all analysed as dichotomous traits, e.g. hypertension vs normotension). A general linear model was used to test for differences in variables (or transformed variables) between genotype groups in the populationbased samples of unrelated subjects. Only glucose-tolerant subjects were included in such analyses. Genotype and sex were considered as fixed factors, and age and BMI as covariates. Quantitative trait analyses and logistic regression were performed using the Statistical Package for Social Science, version 12.0 (SPSS, Chicago, IL, USA). Software for the case-control studies (Web-AssoTest) was downloaded from http://www.ekstroem.com (last accessed in October 2005). A p value of less than 0.05 was considered to be significant. A meta-analysis of all studies was performed using RGui, version 1.9.0 (available at http:// mirrors.sunsite.dk/cran/). Homogeneity between studies was tested (Mantel-Haenszel) assuming a general model. Applying 39 biallelic SNP markers from 39 different genes The p values were calculated using Fisher's exact test assuming a co-dominant model Fig. 1 Estimated risk (95% CI) of developing arterial hypertension when carrying the GNB3 825T allele (CT and TT genotypes) in a meta-analysis of data from published case-control studies [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] and from the present investigation stratified according to ethnicity and assuming a general model and using Structure, version 2.1 (http://pritch.bsd.uchicago. edu/structure.html) we made no observation of population stratification bias in the population-based sample of white Danes [50, 51] .
Results
The GNB3 825C>T polymorphism was genotyped in a total of 7,518 participants. The genotyping success rate was We also included genotype data for the peroxisome proliferator-activated receptor-γ2 Pro12Ala and Kir6.2 Glu23Lys polymorphisms as covariates in the logistic regression to investigate if the observed association was likely to be attributable to one or both of these known type 2 diabetes susceptibility variants; however, these adjustments did not substantially change the results for the GNB3 825C>T polymorphism (p=0.006 and p=0.05, respectively).
Our case-control study of hypertension showed no relationship with the GNB3 polymorphism ( Table 2 ). This could in part be due to a different phenotype assessment compared with previous studies (i.e. applying a different definition of hypertension). For some previous studies the inclusion criteria were not reported and for other studies a systolic/diastolic blood pressure of 160/95 mmHg was used as a cut-off value. We employed these more strict criteria (genotype distribution: normotensive subjects CC=2,893, CT=2,513, TT=602; hypertensive subjects CC=652, CT=490, TT=125, p=0.09; T allele frequency: normotensive subjects=30.9 [95% CI 30.1-31.8]; hypertensive subjects=29.2 [95% CI 27.4-31.0], p=0.09) and observed that, if anything, these results point towards the C allele conferring an increased risk of hypertension, whereas previous positive association studies suggest that the T allele is the hypertension risk allele. We performed a meta-analysis using data from previously published hypertension studies [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] (Fig. 1) . Due to large heterogeneity between studies (Mantel-Haenszel test, p<0.0001) we stratified the data according to ethnicity (white, Asian and African subjects). Following stratification, the criteria for between-study homogeneity remained unfulfilled for white subjects (p<0.0001). However, when applying a dominant model the T allele was weakly associated with an increased risk of hypertension (OR=1.08, 95% CI 1.01-1.17, p=0.04), and with an additive model the T allele was weakly associated, with an estimated odds ratio of 1.07 (95% CI 1.01-1.13, p=0.03) . For the Asian and African studies the criteria for homogeneity were met, but no relationship was seen between the variant and hypertension (p values ranging from 0.4 to 0.9). Using a general linear model we investigated a range of quantitative traits related to obesity, hypertension and type 2 diabetes (Table 3) . Only mean values of systolic and diastolic blood pressure were nominally different between the genotype groups, where, contrary to the observations of most previously published studies, T allele carriers had slightly reduced blood pressure levels (Table 3) .
Discussion
In the present study we have shown uncorrected statistically significant, but quantitatively minor and biologically negligible, differences in the distribution of the GNB3 825C>T genotypes between glucose-tolerant subjects and type 2 diabetic patients (Table 1) . However, we failed to relate the variant with any quantitative metabolic variables. Furthermore, no significant associations of the variant were observed in case-control studies of obesity, hypertension or the metabolic syndrome. In a meta-analysis that included the present and previously published results on the variant in relation to hypertension, we observed an overall association of the T allele with an increased risk of hypertension (Fig. 1) . However, as the statistical power of the present study to replicate the original finding of association between the variant and hypertension is estimated to be 99.96%, we consider this variant to have, at best, only a minor influence on this cardiovascular disease.
The genotype distribution did not convincingly conform to Hardy-Weinberg equilibrium in our study sample. Moreover, large disparities in the frequency of the 825T allele between populations of different ethnicities have been observed, ranging from as high as 65-91% among Africans, to 42-52% among Asians and 21-35% in Europeans [36] . Deviations from Hardy-Weinberg equilibrium were also observed in two studies of the GNB3 825C>T polymorphism in type 2 diabetes, one of which suggested that the T allele conferred a significantly increased risk of the disease [31, 52] . We genotyped approximately 1% of our DNA samples in duplicate, and this yielded no discrepancies. Based on this, we consider our genotype data to be valid and not subject to genotype errors. Furthermore, there was no indication of population stratification bias in the study sample. Finally, when considering the large number of tests performed in this study at a p value of 0.05, we cannot exclude the possibility that the possible deviation from Hardy-Weinberg equilibrium is a false-positive observation.
G proteins are key factors in the regulation of intracellular signalling pathways, one of which is involved in the regulation of transmembrane sodium exchange, which is often increased in insulin resistance. Given that the GNB3 825C>T polymorphism has been shown to be associated with enhanced G protein activation in vitro [1] , there may be a relationship between this polymorphism and type 2 diabetes (attributable to insulin resistance). Furthermore, insulin action and effect on glucose transport partly depends on a G protein-sensitive mechanism [53, 54] . However, we did not observe any association between the GNB3 825C>T polymorphism and quantitative traits relating to insulin resistance and/or action (Table 3) . Our finding of a relationship between the GNB3 825C>T polymorphism and type 2 diabetes is in contrast to a Japanese study that found no association between the 825C>T polymorphism and type 2 diabetes in a population-based sample of 806 subjects [22] . We speculate that this may, in part, be due to the large differences in the T allele frequency between the present white Danish population (31%) and the Japanese study sample (49%). Our results are in agreement with those of a German study of 1,282 men [31] , although the T allele was over-represented among the German type 2 diabetic men but was not among our diabetic population. In both studies, however, there was an over-representation of the CT genotype among the type 2 diabetic patients and a relative under-representation of the CC genotype. Moreover, we did not observe any relationships with diabetesrelated quantitative traits (Table 3 ). This observation is in contrast with the findings of a study in which the T allele was associated with higher fasting insulin concentrations among 261 non-diabetic Hispanic Americans [52] . In addition, a Polish study (n=344) reported that the T allele was more frequent among type 2 diabetic patients than control subjects [13] , and in a study of subjects from the United Arab Emirates (n=510) the TT genotype was overrepresented among type 2 diabetic patients [32] . However, when considering the large number of statistical tests (at 95% significance level) carried out in the present study and when applying a conservative Bonferroni correction for multiple testing, our result, although partly in agreement with previous observations, may be interpreted as a falsepositive observation.
Hypertension is the phenotype of the metabolic syndrome that has been most frequently studied in relation to the GNB3 825C>T polymorphism [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 17] . In this study we did not show a relationship between the polymorphism and hypertension defined according to the WHO 1999 criteria. However, for a more severe form of hypertension we found suggestive evidence of a relationship with the polymorphism. In line with this, we observed nominally lower systolic and diastolic blood pressure levels among those with the TT genotype after adjustment for age, sex and BMI (Table 3) . Still, these findings disagree with the general notion that the T allele is associated with an increased risk of hypertension, even though results similar to the present findings have been reported [11] . Nevertheless, given the size of the present study population, the lack of convincing confirmation of the initial findings of an association of the GNB3 825C>T polymorphism with hypertension in our case-control study, and the inconclusive result of the overall meta-analysis of all published studies, we conclude that the variant is not a major contributor to hypertension.
It has been suggested that the demonstration of an association of the 825C>T polymorphism with various cardiovascular phenotypes is mediated through a primary effect of the 825T allele on obesity [25] . In the present study there was no evidence of a relationship of this allele with obesity or obesity-related traits. Case-control analyses of type 2 diabetes, hypertension and the metabolic syndrome, and quantitative trait analyses were made with adjustment for BMI and no deviations in BMI were observed between genotype groups (Table 3) .
Even though the replacement of a C with a T at position 825 does not give rise to a change in the amino acid sequence, it can as such be used as an informative genetic marker with respect to the prediction of enhanced intracellular signal transduction, although it may be in linkage disequilibrium with an as yet unidentified variant in the non-coding region of GNB3 or in other genes (at the chromosome 12p13 locus) flanking GNB3. In summary, the GNB3 825C>T polymorphism does not seem to be a major contributor to the pathogenesis of the metabolic syndrome. We cannot exclude that the GNB3 825C>T polymorphism is associated with specific components of the metabolic syndrome; however, more large-scale genetic epidemiological studies are clearly needed in order to elucidate these potential relationships.
